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Introduction
　Animal manures have been applied to agricultural soils to increase 
soil fertility and to reduce the adverse environmental impact of chemi-
cal fertilizers. However, in recent years, the application of animal ma-
nure has contaminated arable soil with heavy metals derived from ad-
ditives in animal feeds ［1］. Long-term application of animal manure 
enhances the accumulation of such elements in the soil and their ab-
sorption by the plant. Especially, pig farmyard manure （PFM） often 
contains large amounts of zinc （Zn） and copper （Cu） ［2］. Thus, the 
application of animal manures to arable soils does not always reduce 
the adverse environmental impacts of using chemical fertilizers. There-
fore, cleaning-up of such arable soils by phytoremediation is necessary 
in order to minimize the entry of potentially toxic element into the food 
chain. Phytoremediation involves the use of green plants to remove en-
vironmental contaminants ［3］. Three major advantages of phytoreme-
diation are low cost, possible insitu remediation, and less impact to the 
environment. Several phytoremediation methods have been tested such 
as using chemicals that solubilize heavy metals ［4, 5］, using genetical-
ly modifi ed plants ［4, 6］, and using hyperaccumulators ［7］.
　Phytoremediation using ethylenediaminetetraacetic acid （EDTA） 
has been well-studied, and effectiveness of phytoremediation for heavy 
metals by maize and Brassiicaceae crop plant using EDTA were report-
ed ［4, 5］. However, EDTA is an expensive chemical and is a strong 
chelator that remains in the soil over a long period of time ［8］. In addi-
tion, EDTA inhibits plant growth because of its toxicity, it restrains ac-
tivities of symbiotic microbes, and it increases solubility of heavy met-
als in soil. Therefore, the use of EDTA may enhance the adverse 
environmental impacts ［9］. A number of genetically modifi ed plants 
have been generated in an attempt to modify the tolerance, uptake, and 
accumulation of various elements. However, to assess the effectiveness 
of such method of phytoremediation, these plants were tested in hydro-
ponics or agar-based media, and virtually no data are available on the 
performance of these plants on soil or under field conditions, where 
trace element bioavailability is substantially lower ［4］. Hyperaccumu-
lators which show a very high foliar metal concentration are highly at-
tractive model organism because they have overcome major physiolog-
ical bottlenecks limiting metal accumulation in above ground parts and 
metal tolerance. Certain plants grown in mines, belonging to Convolu-
laceae family Ipomoea genus, absorb a maximum of 12,300 mg Cu kg－1 
［7］. However, this type of plants usually dose not provide a high annual 
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biomass production and is non-agricultural crops which need a fallow 
period to perform phytoremediation. As a technology, phytoremedia-
tion using chemicals, genetically modifi ed plants, and hyperaccumula-
tors are still in the developmental stage for actual arable fi eld. Since in-
situ phytoremediation should be inexpensive, agricultural crops with 
high biomass and with high absorption and tolerance ability to heavy 
metals but with less accumulation in the edible parts could be highly 
effective.
　The use of root-associated microorganisms for phytoremediation 
could play an important part in the absorption or fi xation of essential el-
ements for plants; however, their role is poorly understood yet ［10］. 
Phytoremediation in arable fi elds should be performed using agricul-
tural crops without fallow and with symbiotic microorganisms and soil 
conditioners to reduce adverse environmental impacts. Previous studies 
revealed that arbuscular mycorrhizal （AM） fungi, in symbiotic associ-
ation with most plants, enhanced the absorption of nutrients such as 
phosphate under optimum condition of general agricultural practice 
［11, 12］. It has been reported that AM fungi enhances the absorption 
of trace elements when plants are in bloom ［13］. In addition, the stim-
ulating effect of charcoal application to soil on the infection of plant 
root by the indigenous AM fungi was confi rmed under experimental 
fi eld condition ［14］. Thus, the effective use of AM fungi and charcoal 
application provide high possibility for the success of phytoremediation 
in arable fi elds.
　In the present study, an open-field container experiment was con-
ducted to examine the effectiveness of maize and sweet potato as phy-
toremediation crops in association with AM fungi in removing Zn and 
Cu in arable soil amended with PFM and wood charcoal as soil condi-
tioner. Maize has a relatively large amount of biomass, and sweet pota-
to, belonging to Ipomoea genus, has high Cu tolerance. Concentrations 
of Zn and Cu were compared in the plants, and the soil was treated with 
either PFM or chemical fertilizer （CHF） with and without wood char-
coal. AM colonization in the plant roots was examined. The study 
aimed to determine （a） whether applications of PFM to arable soil in-
creased Zn and Cu uptakes by the crops, （b） whether Zn and Cu up-
take by the crops were AM dependent, （c） whether charcoal applica-
tion can enhanced AM colonization and propagation and, hence, 
increased Zn and Cu uptake, and （d） whether the edible parts of maize 
or sweet potato can be used as food without generating risks of higher 
heavy metal concentrations.
Materials and Methods
　An open-fi eld container experiment （one plot: 42 cm length×32 
cm width×30 cm depth） was conducted to determine the accumula-
tions of Zn and Cu in soil applied with PFM, CHF （8-8-8）, and wood 
charcoal （< 2 mm in diameter）, and to measure their uptake by maize 
（Zea mays L.: cv. Peter 610） and sweet potato （Ipomoea batatas Lam.: 
cv. Beniazuma）. The soil used in the present study was a light-colored 
Andosol （USDA Soil Taxonomy: Typic Hapludand） classifi ed as loam 
（L）, taken from a ranch at the Faculty of Horticulture, Chiba Universi-
ty, Chiba, Japan. The soil was from volcanic origin, which is a typical 
farmland soil in Japan, with relatively high amounts of trace metals. 
The cultivation period was from June to August for maize or October 
for sweet potato. There were four treatments: soil with CHF applica-
tion, soil with PFM application, soil with CHF and charcoal applica-
tion, and soil with PFM and charcoal application. The wood charcoal 
used was from oak. CHF at 12 kg ha－1, PFM at 40 Mg ha－1 on a dry 
weight basis, and charcoal at 20 Mg ha－1 was applied. Maize and 
sweet potato were grown in each container. Additional CHF was ap-
plied, 0.8 Mg ha－1, for the treatment with CHF of sweet potato 12 
weeks after transplanting. A relatively high amount of PFM was ap-
plied as compared to actual fi eld condition in order to increase the Zn 
and Cu concentration in test soil. On the other hand, the amount of 
CHF applied is a standard level for each plant. Each treatment was rep-
licated three times. There were 12 containers each for maize and sweet 
potato. There was a non-cultivated control soil in each container. Two 
plants were cultivated in each container. Maize was cultivated from 
seed, and sweet potato was from seedlings （7 g FW）. Maize was har-
vested at 12 weeks after sowing, and sweet potato was harvested at 20 
weeks after the transplanting. It should be noticed that no chemical ele-
ment of Zn and Cu was artifi cially added to the soil in the present study.
　Soil and manure samples were air-dried and passed through a 2 mm 
sieve in order to determine their physical and chemical properties. The 
pH （H2O） was measured with a glass electrode pH meter （HORIBA 
F-13） using a sample: water ratio of 1: 2.5. Electrical conductivity 
（EC） was measured with an electric EC meter （TOA CM-14p） using 
a sample: water ratio of 1: 5. Total carbon and nitrogen contents were 
measured using a C/N corder （YANACO MT-700）. Available phos-
phate content was measured by the molybdenum blue method using a 
sample: water ratio of 1: 40 ［15］. The intensity of the blue color was 
measured with a spectrophotometer （SHIMADZU UV-1200V）.
　Nitric and sulfuric acid digestion was done for the determination of 
the amount of total Zn and Cu in soil and PFM while 0.1 M hydrochlo-
ric acid extraction was performed for the determination of soluble Zn 
and Cu. Two grams of air-dried soil or manure samples was placed in a 
100 mL tall beaker, then was added with concentrated HNO3 （10 mL） 
and sulfuric acid （2 mL）. The mixture was heated gently on a hot plate 
for 3 hr at 120 °C in a fumigation chamber, then the temperature was 
gradually increased up to 300 °C until the liquid was almost evaporat-
ed. After cooling, 1.0 M HCl （15 mL） and hot distilled water （90 °C, 
20 mL） were added, and the mixture was heated up to just below the 
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boiling point for a few minutes. The mixture was then fi ltered （AD-
VANTEC, No. 6, fi lter paper）, and the volume of the fi ltrate was ad-
justed to 35 mL with hot distilled water.
　Hydrochloric acid （0.1 M） extraction was performed at a ratio of 1: 
5 （sample: acid）. Ten grams of air-dried samples and 50 mL of 0.1 M 
HCl were placed in a 100 mL plastic bottle, and the mixture was shak-
en for 1 hr at 30 °C temperature on a horizontal reciprocating shaker. 
The mixture was then fi ltered （ADVANTEC No. 6 fi lter paper） and 
the fi ltrates were stored in a refrigerator at a temperature of 4 °C until 
analysis.
　After harvests, plant samples were washed in supersonic wave bath 
using distilled water. Maize and sweet potato were each divided into 
four parts: leaves & stalks, roots, edible parts, and cores for maize and 
for sweet potato, the leaves & stalks, roots, edible parts, and their skins. 
Then, these samples were dried at 65 °C in the oven for 72 hrs and then 
ground. Nitric acid digestion was performed for the determination of 
the amount of Zn and Cu in the ground plant samples. One gram of 
sample was placed in a 100 mL tall beaker and 10 mL of concentrated 
HNO3 was added. The beaker was heated gently on a hot plate for 1 hr 
at 90 °C in a fumigation chamber. Then, the temperature was gradually 
increased up to 150 °C until the liquid was completely evaporated. Af-
ter cooling, the volume was adjusted to 20 mL with 1% HNO3, and the 
mixture was then fi ltered （ADVANTEC, No. 6, fi lter paper）.
　The concentrations of Zn and Cu in the extracts were determined by 
fl ame atomic absorption spectrophotometry （HITACHI Z-6100） using 
hollow cathode lamps （HLA-4S, Hitachi High-Technologies Corpora-
tion, Japan） with Zeeman automatic background correction. Same 
measurements of chromium （Cr）, nickel （Ni）, and cadmium （Cd） 
were also performed for PFM analysis. All the data （means of samples 
with standard deviations） are presented on a dry weight basis.
　AM colonization in the plant roots was examined to observe the re-
lationship between Zn and Cu absorptions and charcoal application to 
the soil. Non-sterilized soil was used and no mycorrhizal propagule 
was artifi cially inoculated in the present study. For observation of myc-
orrhizae, a small portion of root samples was taken a week before har-
vest from each container. The root samples were decolorized with 10% 
KOH on a hot plate for 45 min, and then the samples were added with 
0.1% trypan blue on a hot plate （180 °C） for 15 min ［16］. The col-
ored roots were arranged on a micro slide glass and observation for 
mycorrhizal colonization （frequency, intensity, and arbuscule abun-
dance） was done using a microscope following the Trouvelot Methods 
［17］. Roots of 180 were actually examined in each treatment. The AM 
spores were separated from soil samples following the wet sieving 
method with 500μm and 100μm sieve in order to obtain most of AM 
spores in the soil samples. The spores were observed and counted using 
a microscope.
　Mean comparisons were carried out using the Tukey-kramer’s HSD 
test and ANOVA with 95% confi dence intervals using JMP （SAS In-
stitute Inc.）.
Results
Manure
　The concentrations of heavy metals in PFM and the amounts of Car-
bon （C）, Nitrogen （N）, Zn, and Cu inputs from PFM are presented in 
Tables 1 and 2. The concentrations of total and soluble Zn and Cu in 
PFM were remarkably higher than those of other heavy metals. The 
amount of Zn input was approximately two times higher than that of 
the Cu input in each container. Moreover, the C （324 g kg－1） to N （46 
g kg－1） ratio of PFM was 7.0 indicating that it has already undergone 
decomposition. On the other hand, neither Zn nor Cu was detected 
from the applied chemical fertilizers. The application of chemical fertil-
izers could not exert any appreciable infl uence on the accumulation of 
Zn and Cu in the soil in the present experiment.
Soil
　Some chemical properties and Zn and Cu concentrations of the soil 
used in the present study are presented in Table 3-a. The soil pH values 
in the PFM treatments were generally higher than those in the CHF 
treatments. EC levels were below the level that is not harmful for plant 
growth （< 2.0 dS m－1）. There were remarkable increases in total-ni-
trogen contents with PFM application as compared with CHF. Total-
carbon content was highest in the soil applied with both PFM and char-
coal. The soil with PFM application also showed higher content of 
available phosphate than that with CHF application. Cation exchange 
capacity of the soil （30-32 cmolc kg
－1） was not remarkably changed 
by any of the treatments. The amounts of total-Zn and Cu in the soil 
were higher with PFM application than those with CHF application. 
Zn Cu Cr Ni Cd
1140 528 22.7 20.8 ND
（12.3） （26.2） （0.69） （ND） （ND）
Values in parentheses indicate soluble elements. ND, not detected.
Table 1.　Concentration of heavy metals in PFM （mg kg－1 D.W.） 
Table 2.　Inputs of N, C, Zn, and Cu by PFM application 
N（g container－1）C（g container－1）Zn（mg container－1）Cu（mg container－1）
25 175 530（5.7） 280（13.9）
Values in parentheses indicate soluble elements.
Ogiyama・Suzuki・Sakamoto・Inubushi：Absorption of zinc and copper by maize and sweet potato in an arable fi eld after pig farmyard manure application 11
CW3_AY357D01.indd   11 2010/04/22   13:19:19
プロセスシアンプロセスマゼンタプロセスイエロープロセスブラック
However, in terms of soluble elements, soluble-Zn increased with PFM 
application, while soluble-Cu decreased. No remarkable trends in Zn 
and Cu concentrations were observed in soil of a non-cultivated control 
in each container.
　Concentrations of available phosphate, Zn, and Cu in the soil at the 
end of the culture experiment using maize and sweet potato are pre-
sented in Table 3-b. The soils with PFM application showed higher 
contents of available phosphate than those with CHF application. 
Moreover, the amount of available phosphate in the soil with CHF ap-
plication decreased from the initial phosphate content at the end of the 
experiment. The amounts of both total and soluble Zn and Cu were 
higher in soil with PFM application than those with CHF application. 
Total-Zn and Cu concentrations in soil at the end of the experiment 
slightly decreased from their initial values. In terms of soluble ele-
ments, Zn and Cu in soil with PFM application increased while soluble-
Cu decreased slightly with CHF application at the end of the experi-
ment relative to their initial values. No changes were observed by 
charcoal application in Zn, Cu, and available phosphate in the soil in 
any of the plots during the duration of the experiment.
Maize
　The mean biomass of maize was approximately 165 g （130-200 g） 
on a dry weight basis. There was no statistical signifi cant difference in 
the biomass between amended CHF and PFM: 85% were leaves & 
stalks, 4% were edible parts, 5% were cores, and 6% were roots.
　The concentrations of Zn in the leaves & stalks and roots were statis-
tically significantly higher in the PFM treatment than those with the 
CHF treatment （Fig. 1）. There was no statistical signifi cant difference 
in Zn concentrations in the edible parts and cores among treatments. 
Table 3.　Chemical properties of the soil used 
a） Chemical properties of the soil used at the beginning of the experiment （n=3）
pH
（H2O）
EC
（dS m－1）
T-C
（g kg－1）
T-N
（g kg－1）
Available P
（mg kg－1）
Zn
（mg kg－1）
Cu
（mg kg－1）
CHF 5.78±0.04 0.25±0.01 44.9±2.3 4.00±0.16 8.2±3.3
136±6
（17.5±1.9）
120±4　
（2.20±0.12）
CHF+Char. 5.81±0.01 0.21±0.01 59.2±3.4 4.05±0.25 8.3±3.4
141±3
（18.8±1.1）
125±3　
（2.77±0.11）
PFM 6.03±0.08 0.56±0.01 50.6±2.0 5.25±0.09 23.0±5.4
157±2
（43.0±1.1）
131±3　
（1.55±0.11）
PFM+Char. 6.27±0.00 0.44±0.01 62.0±3.0 5.15±0.17 29.6±4.5
158±3
（41.7±1.2）
132±6　
（1.18±0.12）
b） Concentration of available P, Zn, and Cu in the soil at the end of the experiment （n=6）
Available P
（mg kg－1）
Zn
（mg kg－1）
Cu
（mg kg－1）
CHF  1.30±0.33 120±4（19.6±0.7） 108±4（1.96±0.06）
CHF+Char.  1.23±0.34 120±1（20.9±0.7） 110±2（2.09±0.06）
PFM 29.1±4.4 149±1（45.1±0.7） 125±1（4.61±0.07）
PFM+Char. 30.5±3.7 146±3（46.0±0.7） 124±4（4.60±0.07）
CHF, chemical fertilizer; Char., charcoal; PFM, pig farmyard manure; T-C, total carbon; T-N, total nitrogen. Values are mean of replicates and 
standard deviations. Values in parentheses indicate soluble elements.
Fig. 1.　 Concentrations of Zn and Cu in maize in the different parts. 
Vertical bars represent standard deviations. Different letters 
indicate significant differences in each treatment (Tukey-
Kramer’s HSD Test, P=0.05, n=3).
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Moreover, the application of charcoal did not affect Zn concentrations. 
On the other hand, Cu concentrations in the leaves & stalks were statis-
tically signifi cantly higher in the PFM treatment than those in the CHF 
treatment. However, in the cores, Cu concentrations on the PFM treat-
ments were statistically signifi cantly higher than that in the CHF treat-
ment when charcoal was not added. Moreover, Cu concentration in-
creased when charcoal was added to the CHF treatment, but it did not 
statistically signifi cantly changed when charcoal was added to the PFM 
treatment. Cu was observed to have extremely higher concentration in 
the roots than in any parts of the plant.
　Based from the calculations on mean biomass of maize, the amount 
of Zn absorbed by the plant increased to a maximum of 43% when 
cultivated in soil with PFM than with CHF. Moreover, the amount of 
Cu absorbed by maize increased by a maximum of 26% when culti-
vated in soil with PFM than with CHF. However, Cu concentration in 
maize was remarkably lower than Zn concentration. Leaves & stalks 
absorbed the highest amounts of Zn and Cu. In maize, 83-87% of Zn 
and 53-65% of Cu have accumulated in the leaves & stalks.
Sweet Potato
　The mean biomass of one sweet potato was approximately 175 g on 
a dry weight basis: with 38% leaves & stalks, 56% edible parts, 4.5% 
skin, and 1.5% roots. The biomass of harvested sweet potato was low-
er in the CHF treatment without charcoal application （145 g DW） due 
to languish of leaves. In general, the other treatments did not show any 
appreciable differences in the biomass of sweet potato.
　Similar trends were observed for Zn and Cu absorptions by sweet 
potato （Fig. 2）. There were no statistical signifi cant differences among 
treatments in terms of Zn and Cu concentrations of leaves & stalks and 
edible parts while the concentrations of Zn and Cu in skins were statis-
tically signifi cantly higher with PFM than with CHF application. The 
Zn and Cu concentrations in roots were higher with CHF than with 
PFM with or without charcoal. Charcoal application had a statistical 
signifi cant decreasing effect on Zn and Cu absorption in the roots.
　Based from the calculations on mean biomass of sweet potato, the 
amount of Zn and Cu absorbed by the plant had increased by a maxi-
mum of 25% and 16% respectively when cultivated in soil with PFM 
compared with CHF. The concentration of Zn and Cu in levels & stalks 
of sweet potato were both less than 30 mg kg－1. Leaves & stalks ab-
sorbed the highest amount of elements for both Zn and Cu. In sweet 
potato, 53-58% of Zn and 43-48% of Cu have accumulated in the 
levels & stalks. Also, there were relatively large amounts of Cu in the 
edible parts ranging from 12-40%.
Arbuscular Mycorrhizal （AM） Colonization.
　The frequency of AM colonization in both maize and sweet potato 
was 100% in all the specimens examined. The intensity of AM coloni-
zation and arbuscule abundance in maize and sweet potato are present-
ed in Fig. 3. Charcoal application slightly increased both mycorrhizal 
intensity and arbuscule abundance in the roots of maize. However, 
since these data varied widely （CV of mycorrhizal intensity was 
5-41%, and CV of arbuscule abundance was 16-40%）, the trend was 
unclear. AM colonization was strongly developed in some portions of 
the root specimens suggesting that development of AM colonies de-
pended on the plants and its roots. On the other hand, mycorrhizal in-
tensity and arbuscule abundance in roots of sweet potato increased with 
both charcoal and PFM applications as compared with CHF applica-
tion, though there were still variability （CV of mycorrhizal intensity 
was 9-22%, and CV of arbuscule abundance was 7-35%）. Mycor-
rhizal intensity in the CHF with charcoal treatment and the PFM treat-
ment showed statistical significant differences with that in the CHF 
treatment. Also, arbuscule abundance in the PFM treatment showed a 
statistical signifi cant difference with that in the CHF treatment.
　The numbers of mycorrhizal spores in the soil, after harvesting of 
maize and sweet potato, are presented in Fig. 4. Generally, there were 
more spores in the soil after harvesting maize than after harvesting 
sweet potato. The number of spores was statistically signifi cantly lower 
in soil with PFM than with CHF application. Charcoal application had 
no statistical signifi cant effect on the number of spores observed after 
Fig. 2.　 Concentrations of Zn and Cu in sweet potato in the different 
parts. Vertical bars represent standard deviations. Different 
letters indicate significant differences in each treatment 
（Tukey-Kramer’s HSD Test, P=0.05, n=3）.
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the harvest of maize. However, after sweet potato was harvested, the 
number of mycorrhizal spores was statistically signifi cantly lower in 
soil with PFM, charcoal, or both applications than with only CHF ap-
plication.
Discussion
　To increase the concentration of Zn and Cu in the present study, high 
amount of PFM has been applied. It caused imbalanced of soil nutri-
ents between CHF and PFM amended soil. However, no remarkable 
biomass data was produced to provide conclusive information. It was 
considered that there were much non-available elements and materials 
derived from PFM application in test soil, and that those elements will 
stay in the soil for longer time.
　The application of PFM to the soil enhanced Zn and Cu accumula-
tions ［2］. Soluble-Zn increased with PFM application while soluble-
Cu decreased, and this suggested that there were more soluble-Cu that 
was absorbed by the organic materials in the soil due to PFM applica-
tion. Since the soil used in the present study was from volcanic origin 
（representing a typical farmland soil in Japan）, it containing with high 
amounts of trace metals such as Zn and Cu, and thus initially, the total 
Zn concentration exceeded the Japanese regulatory level of 120 mg kg－1. 
Although there are still no defi nite farmland regulations on Cu in Japan, 
the Soil Science Society of Japan recommended the use of 80 mg kg－1, 
and total Cu concentration of the soil used also exceeded this level. 
This is a typical property of the soil, which originated from the volcanic 
ash of Mt. Fuji, distributed over the Kanto district in Japan ［18］. In 
case of such kind of soil use, being use as arable soil, the regulatory 
level needs revisions. Studies have reported that the amount of metal 
applications should be controlled based on soil CEC value at certain 
soil pH to prevent accumulations ［19］. Thus, for soils that have high 
amounts of trace metals originally, environmental provisions should be 
set depending on inherent soil properties.
　Also, in the present study, the maximum amount removed from each 
container by maize were 21 mg Zn and 4.4 mg Cu in the treatment 
with PFM and Charcoal. These amounts corresponded to 4.0 % of Zn 
and 1.6 % of Cu input by PFM application. Moreover, the maximum 
amounts removed from each container by sweet potato were 5.6 mg Zn 
and 3.3 mg Cu in the treatment with PFM. These amounts correspond-
ed to 1.1 % of Zn and 1.2 % of Cu input by PFM application. The con-
centrations in the edible parts of maize were about 50 mg Zn kg－1 and 
below 10 mg Cu kg－1. The concentration of Zn and Cu in the edible 
parts of sweet potato were below 10 mg kg－1. Since there were no re-
markable contaminations, the edible parts of both crops can be utilized 
as agricultural food.
　In general, both maize and sweet potato can be cultivated with plant 
density of 600 plants per acre, and approximately 1.8 times more bio-
mass can be harvested from the above ground parts of maize （270 g 
plant－1）, and 1.2 times more biomass can be harvested from the edible 
parts with skin （130 g plant－1） of sweet potato as compared with the 
Fig. 4.　 Number of mycorrhizal spores in the soil after maize and 
sweet potato were harvested. Vertical bars represent standard 
deviations. Different letters indicate signifi cant differences in 
each treatment （Tukey-Kramer’s HSD Test, P=0.05, n=3）.
Fig. 3.　 Arbuscular mycorrhizal intensity and arbuscule abundance in 
maize and sweet potato. Vertical bars represent standard 
deviations （n=3）. NS indicate no significant differences in 
each treatment （ANOVA, P=0.05, n=3）. Different letters 
indicate significant differences in each treatment （Tukey-
Kramer’s HSD Test, P=0.05, n=3）.
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present study ［20, 21］. In actual fi elds, planting density was usually 
lower compared with the present study, and thus the amount of Zn and 
Cu removed through crops uptake will be lower than the experimental 
condition. However, the area of effective rooting zoon for absorptions 
of soil elements is larger than that of the experimental condition. If 
plant biomass and density under actual fi eld were considered, it is pos-
sible for that the harvest of above ground parts of maize can remove 
with approximately 840 g Zn ha－1 and 180 g Cu ha－1 from soil with 
PFM application in actual fi elds. On the other hand, it is possible to re-
move approximately 170 g Zn ha－1 and 110 g Cu ha－1 from soil with 
PFM application from harvesting the leaves & stalks, edible parts, and 
skins of sweet potato. This suggests that maize is more effective to use 
as phytoremediation for Zn and Cu in arable fi eld than sweet potato. 
Moreover, the amount of Zn uptake by maize is remarkable. Previous 
study reported that maize absorbed 3.7 times more Cu than normal 
when EDTA was amended in the soil ［5］, though the amount of 
amendment should be controlled in order for it not to move downwards 
［22］. The results of the present study may not be enough for conclu-
sive evidence for maize and sweet potato as phytoremediation com-
pared with previous studies, but it can be suggested that in arable soil, it 
will take long time to be able to implement reliable remediation for 
sustainable agriculture.
　Although several data in the present study varied widely, there were 
no negative impacts of AM colonization on both maize and sweet pota-
to by PFM and charcoal application. Especially, some PFM and char-
coal application showed positive effects on both AM intensity and ar-
buscule abundance of sweet potato. PFM application had increased the 
available phosphate content of the soil used in the present study. AM 
colonization is often inhibited in soil that contained higher amounts of 
phosphate. Phosphate application inhibited the appressorium formation 
in root but did not affect the metabolic activity of internal hyphae ［23］. 
This may be the reason why AM colonization did not develop uniform-
ly in many root specimens, though high AM frequency in both maize 
and sweet potato could be observed in all specimens examined. On the 
other hand, numbers of AM spores in soil were affected by PFM and 
charcoal application. For maize, the numbers of AM spores were statis-
tically signifi cantly decreased by PFM application but were not affected 
by charcoal application. For sweet potato, both PFM and charcoal ap-
plication caused a statistical signifi cant decrease in the numbers of AM 
spores in soil, and this trend was the opposite of AM colonization. AM 
activity could be activated by both PFM and charcoal application in the 
root of sweet potato but can be inactivated in soil. Thus, for sweet pota-
to, the production of AM propagule such as AM spore or external hy-
phae could be inhibited by PFM and charcoal application in soil while 
AM colonization could be enhanced in the root. However, there was no 
indication of interaction between the element uptake by the plants and 
AM colonization in plant roots from the result of the present study. Fur-
ther studies on charcoal application in arable soils with PFM applica-
tion should be done to enhance the heavy metal uptakes by agricultural 
crops as long as the edible parts will still be safe for consumption.
Conclusions
　Although applications of PFM to arable soil can enhance Zn and Cu 
accumulations and can increase Zn and Cu uptakes by the plants, phy-
toremediation is not always effective because of the uniqueness of a 
given site. Thus, knowing the soil condition, crop management prac-
tice, and crop characteristics in advance is needed for a successful phy-
toremediation strategy for arable fi elds. Fallow periods often affect the 
amount of soil nitrogen, phosphate, and crop production ［24］, and the 
fallow period is important for the soil to recover and to recondition with 
respect to soil fertility. Thus, phytoremediation of arable fi eld during its 
fallow period can be diffi cult to perform because it could disturb the 
soil as well as the crop production.
　In the present study, it is very difficult to make clear-cut answers 
whether the elemental uptake by the crops are AM dependent or 
whether charcoal application can enhance AM colonization and, hence, 
increase the elemental uptake. Against these situations, it is very impor-
tant to use AM fungi for the phytoremediation of arable fi elds ［25］. It 
has been reported that plant-uptake of various trace elements are en-
hanced by AM fungi ［13］, and this could be stimulated by charcoal 
application through AM colonization in the roots and the extension of 
the external hyphae in the soil ［26］. Our previous study also showed 
that inoculation of AM fungi in sterilized soil enhanced Zn uptake by 
maize from PFM applied soil, and wood charcoal application did in-
crease the quantity of fungal propagules in the soil ［27］. These are 
very important points to follow up for future studies for phytoremedia-
tion of arable fi eld.
　One of the major causes of heavy metal contamination is the excess 
application of PFM to arable fields, and therefore PFM with high 
amounts of heavy metals should not be applied during the phytoreme-
diation process. Since arable fi elds are areas where food materials are 
produced, both environmental remediation and preservation should be 
considered. Results of the present study may not satisfy the phytoreme-
diation that engineers are expecting for short-term; however, if the site 
fulfi lls several requirements, it is worth while to implement phytoreme-
diation by using agricultural crops. Results of the present study con-
cluded that long-term phytoremediation in agricultural land using agri-
cultural crops is possible when the contaminants are essential elements 
for the plants and are at regulatory levels without a matter of urgency, 
and when the edible parts are safe for consumption. In addition, greater 
plant biomass of above ground parts, as well as greater concentration of 
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elements in plant, is one of key factors for the success of such phytore-
mediation. Future strategies for arable fi eld phytoremediation are likely 
to involve the introduction of several remediation techniques while at 
the same time protecting human health and the environment. It is im-
portant that arable fi eld phytoremediation be performed using agricul-
tural crops with symbiotic microorganisms and a soil conditioner that 
does not greatly affect the environment and human health.
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豚ぷんコンポスト施用土壌におけるトウモロコシとサツマイモを用いた亜鉛と銅の吸収
―アーバスキュラー菌根菌の寄与および木炭施用の影響―
荻山慎一1・鈴木弘行2・坂本一憲3・
犬伏和之3
1放射線医学総合研究所　廃棄物技術開発事業推進室
2千葉大学大学院薬学研究院
3千葉大学大学院園芸学研究科
　本試験は豚ぷんコンポストの施用がトウモロコシとサツ
マイモの亜鉛（Zn）と銅（Cu）の吸収に及ぼす影響およびファ
イトレメディエーションとの関連を調査するため屋外コン
テナ栽培実験として行った．すなわち，豚ぷんコンポストと
木炭を施用した土壌を用い，ZnとCuの植物吸収におけるアー
バスキュラー菌根菌（AM菌）や木炭の依存性および食用作
物としての利用可能性を調査目的とした．その結果，豚ぷん
コンポストの施用によりZnとCuの土壌含有量および両植物
の吸収量が高まることが明らかとなった．豚ぷんコンポスト
の施用土壌におけるZnとCuの除去はトウモロコシの方がサ
ツマイモよりも効果的と考えられた．トウモロコシ収穫後の
豚ぷんコンポスト施用土壌では非施用土壌よりもAM菌胞子
数が減少していた．サツマイモ収穫後の豚ぷんコンポストお
よび木炭施用土壌は共に非施用土壌よりもAM菌胞子数が減
少していた．菌根形成率やAM菌胞子数の増加に係る効果は
必ずしも両植物の重金属元素の吸収に合致しているわけで
はなかった．AM菌の活動と木炭施用の関係は様々であった
が，可食部のZnとCuの含有量は両植物共に豚ぷんコンポス
トの施用や他の処理の影響を受けてはいなかった．本研究の
結果は，農耕地土壌において可食部の収穫を目的とした農作
物を用いて長期ファイトレメディエーションを実行するこ
とが有効であることを示唆している．
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